[3] for a recent review and primary references). One cyst expression of the dynactin subunit, dynamitin. Our recell is specified to become the oocyte through unequal sults indicate that dynein is required for several prosegregation of the fusome, a membranous organelle, cesses that impact patterning; such processes include while the remaining 15 differentiate into nurse cells that localization of bicoid (bcd) and gurken (grk) mRNAs and provide RNA and proteins to the egg. During the first six anchoring of the oocyte nucleus to the cell cortex. Surof the 14 morphologically defined stages in oogenesis, prisingly, dynein function is sensitive to reduction in mRNA and other cargos are transported from the nurse kinesin levels, and germ line clones lacking kinesin show cells to the egg along microtubules that pass through defects in dorsal follicle cell fate, grk mRNA localization, the ring canals and have their minus ends in the oocyte. and nuclear attachment that are similar to those reAt stage 6 a critical patterning event occurs when the sulting from the loss of dynein. Significantly, dynein and anterior/posterior (A/P) axis of the egg is specified by dynactin localization is perturbed in these animals. Conthe TGF-␣ ligand Grk. Grk is initially localized around the versely, kinesin localization also depends on dynein acoocyte nucleus at the egg chamber's posterior, where tivity.
vations are not definitive because both Lis1 and BicD may have additional dynein-independent roles, and Dlc also interacts with the motor myosin V and other proteins with high affinity (reviewed in [8] ). Furthermore, hypomorphic alleles in the Dynein heavy chain (Dhc) gene do not display overt defects in either nuclear migration or localization of bcd, grk, and osk mRNAs [2] .
To examine the role of dynein in oogenesis, we have disrupted its function in a temporally restricted fashion. The multiprotein dynactin complex is essential for dynein activity in vivo and is thought to mediate the attachment of cargos to the motor. The largest dynactin component, Glued (Gl), binds to the dynein intermediate chain (Cdic) and thus links the two complexes. Overexpression of the p50/dynamitin (Dmn) subunit of dynactin causes dissociation of Gl from dynactin and thus interferes with cargo-anchoring functions and compromises dynein activity [9] . Disruption of dynein activity through Dmn misexpression is a well-established approach in mammalian cell culture, and injection of recombinant human Dmn protein into Drosophila embryos has been used successfully to demonstrate the involvement of dynein in transcript localization and chromosome movement during early embryogenesis [10] [11] [12] . Using Dmn overexpression, we have identified novel functions for 
cells and follicle cells (data not shown). In contrast, lines (see Experimental Procedures). The hsDmn trans-
Gl and Cdic staining was undetectable in stage 9/10 gene permits tight temporal control of misexpression, oocytes and was strongly reduced at earlier stages (Figwhereas UAS-Dmn allows spatially restricted transcripure 1D and our unpublished data), demonstrating that tion when coupled with the appropriate Gal4 drivers Dmn overexpression disrupts the localization of the dy- [13] . After mapping the insert position, we assayed nein/dynactin complex. hsDmn flies for the ability to induce Dmn expression by probing immunoblots with polyclonal antisera against the Drosophila protein (see Experimental Procedures).
Dmn Overexpression Affects bcd mRNA Localization without Compromising A single band migrating at 45 kDa, close to the predicted size of the endogenous protein, was detected in un-
Microtubule Organization
To determine whether abrogation of dynein/dynactin actreated control flies. This band was present at approximately 5-to 10-fold higher levels in animals that had tivity affects mRNA localization, we examined the asymmetric distribution of bcd and osk transcripts that are been heat shocked for 60 min ( Figure 1A) . A time course of induction showed that elevated Dmn levels are prestransported to opposite ends of the oocyte. mRNA for bcd that is confined to the anterior of stage 9/10 oocytes ent 15 min after heat shock and persist for at least 6 hr (our unpublished data). To test whether Dmn overexin the wild-type was unaffected in 97.5% (n ϭ 200) of egg chambers from control females 12 hr after heat pression perturbs the stability or localization (or both) of the dynein/dynactin complex in vivo, we stained egg shock (Figure 2A ). In contrast bcd mRNA was dispersed over the anterior third of the oocyte in 26.8% (n ϭ 149) chambers with antisera against Dmn, Gl (the largest subunit of dynactin), and the dynein intermediate chain of stage 9/10 egg chambers from hsDmn females, demonstrating that dynein activity is required for bcd mRNA (Cdic). In the wild-type, Dmn preferentially accumulates in the oocyte during early oogenesis and shows both transcript localization ( Figure 2B ). osk mRNA is normally confined to the posterior of the oocyte by a process perinuclear and cortical staining through stage 8. By overexpression strongly affects bcd mRNA localization and perturbs the restriction of osk transcript without grossly disrupting microtubule organization.
Upregulation of Dmn in the Oocyte Affects Nuclear Positioning
Grk signaling from the oocyte to overlying follicle cells depends on the tight association of its mRNA and protein with the oocyte nucleus. Thus, conditions that affect nuclear location or grk activity result in alterations in the morphology and position of chorionic structures such as the posterior aeropyle and the paired dorsal appendages (DA) that derive from anterior dorsal follicle cells on either side of the midline ( Figure 3A i ; reviewed in [20] ). To determine if dynein activity is required for nuclear localization, we subjected hsDmn females to heat shock. We then collected eggs and examined them by darkfield microscopy. Dmn overexpression resulted in eggs with dorsal patterning defects of varying severity that were ing that oocyte development is sensitive to disruption of dynein activity during a temporally restricted window (see below). The fact that eggs from wild-type females subjected to the same regimen developed normally arthat requires both kinesin and an intact microtubule cytoskeleton. In the wild-type, osk message is detected gues that the defects were not caused by stress from the heatshock. in the oocyte from stage 1 onward and is associated with the posterior cortex adjacent to the nucleus until The hsDmn transgene drives expression both in the oocyte and in the follicle cells, so the patterning defects stage 7. After breakdown of the posterior microtubuleorganizing center (MTOC), osk mRNA is transiently locould result from disruption of dynein activity in either germ line or somatic follicle cells. To distinguish between cated at the anterior and center of the oocyte before forming a tight crescent at the posterior cortex from these possibilities, we drove UAS-Dmn expression in a restricted manner by using a follicle cell-specific driver stage 9 onward ( Figure 2C, [4, 17] ). Egg chambers dissected one hour after hsDmn induction show a clear [24] . Females of the genotype C355-Gal4;UAS-Dmn produced eggs with normal DA, indicating that the defects focus of osk mRNA at the posterior pole. However, lower levels of transcript can be detected throughout the ooin morphology cannot be attributed to altered dynein function in follicle cells (our unpublished data). To concyte, especially during stages 8 and 9 ( Figure 2D ). Thus, hsDmn expression perturbs but does not abolish osk firm that the UAS constructs were functional, we drove expression in the larval nervous system by using an transcript localization.
To examine whether disruption of the dynein/dynactin elav-Gal4 driver, resulting in severe defects in axonal transport similar to those described for mutations in complex affects transcript localization indirectly by altering microtubule organization, we stained egg chamDhc (our unpublished data; [25] ). Thus, the lack of a phenotype from expression of Dmn in follicle cells canbers with antisera against Centrosomin (Cnn), a MTOC component that marks microtubule minus ends [18]. In not be attributed to ineffectiveness of the UAS construct. We next examined egg chambers from flies carrying both wild-type and hsDmn females, Cnn localization to the oocyte cortex and the anterior was unaffected by hsDmn and a ␤-Gal enhancer trap expressed in the germinal vesicle to directly observe the position of the ooheat shock treatment ( Figures 2E and 2F) . In a second set of experiments, the distribution of a Tau-GFP fusion cyte nucleus after Dmn misexpression. Anterior migration of the nucleus occurs during stages 7-8, when the protein that decorates microtubules in the oocyte [1, 19] was also unaltered after Dmn overexpression, confirmsize of the oocyte is comparable to the nuclear diameter and it is thus difficult to unambiguously score defects ing that the integrity and polarity of oocyte microtubules is maintained (our unpublished data). In summary, Dmn in positioning. However, by stage 9 a dramatic increase in oocyte size allows nuclear location to be assayed n ϭ 257 and 3.7%, n ϭ 301, respectively). Interestingly, the time period that showed the highest frequency of reliably. In control heat-shocked females, the oocyte nucleus was positioned at the anterior cortex without defects corresponds to stage 8/9 oocytes that should have completed nuclear migration at the time of heat exception ( Figure 3B ). After Dmn overexpression, a small but significant percentage (4%-9%) of stage 9
shock. This finding argues that the requirement for dynein extends beyond its involvement in nuclear moveand 10 egg chambers contained severely mispositioned nuclei that either remained associated with the cortex ment. Consistent with this, we found that although patterning defects could be seen in up to 45% of eggs ( Figure 3C ) or were dislodged from the cortical cytoskeleton (see below). To precisely determine nuclear loca- (Figure 4 ), the frequency of severely ventralized phenotypes (indicative of nuclear displacement) did not extion relative to the oocyte cortex, the nuclear lamina and F-actin were simultaneously labeled with conjugated ceed 5% of the affected sample. wheat germ agglutinin and rhodamine-phalloidin, respectively, and examined by confocal microscopy. In the wild-type at stage 10, the nucleus is closely apposed
Loss of Dynein Activity Transiently Interrupts Grk Signaling by Preventing Transcript Localization to the dense layer of microfilaments that lines the cortex (Figure 3D, yellow color denotes overlap). Confocal sec-
An alternative mechanism by which Dmn overexpression could affect dorsal patterning is through disruption tioning revealed that about half of the displaced nuclei in hsDmn egg chambers were clearly separated from of grk expression/localization. Unlike most oocyte mRNAs that are transported from the nurse cells, grk is the cortical actin ( Figure 3E ). Thus, disruption of dynein function can lead to dissociation of the nucleus from primarily expressed in the oocyte nucleus and is associated with the germinal vesicle throughout oogenesis the cortical layer of the oocyte.
To determine the temporal requirement for dynein ac- [27] . Prior to stage 7, grk mRNA is located between the nucleus and the posterior follicle cells. After reorientativity during oogenesis, we heat shocked females and collected eggs at 5 hr intervals. Oogenesis proceeds tion of the microtubule network and nuclear migration, grk transcript accumulates in a ring along the anterior according to a defined sequence, and the average duration of each stage allows an estimate of the developcortex before refining to form a tight cap around the nucleus at the prospective anterior dorsal region during mental time point when the egg chamber experienced an increase in Dmn levels (Figure 4 , data for hsDmn/ϩ stages 9 and 10 [27, 28]. We simultaneously visualized grk and Broad Complex (BR-C), a zinc-finger transcripin red; [26] ). We found that the frequency of dorsal appendage defects was highest in the 20-25 and 25-30 tion factor that serves as a molecular readout of dorsal follicle cell fates because it is expressed in two dorsal hr collections (45%, n ϭ 211 and 33.3%, n ϭ 222, respectively), although patterning defects were also apparent anterior patches corresponding to the future DA in response to Grk signaling [29] . The effect of Dmn overexin eggs collected 35 and 40 hr after heat shock (18.7%, induction, grk localization was unaffected in wild-type, but could not be detected in 63.2% (n ϭ 19) of stage 9/10 hsDmn egg chambers ( Figure 5B, C) . Twelve hours summary, our data reveal that grk transcript localization after induction, only 22% (n ϭ 18) of stage 10 egg chamand follicle cell fate (illustrated by BR-C expression) bers did not have grk mRNA associated with the nudisplay high sensitivity to Dmn overexpression. This corcleus, whereas the remaining egg chambers showed relates well with the high incidence of dorsal patterning reduced levels suggesting partial restoration of localizadefects in eggs laid by hsDmn females (see Figure 4 ) tion ( Figure 5D ). This reveals that dynein is required for and suggests that mislocalization of grk mRNA makes patterning the dorsal region of the oocyte in part bea significant contribution to the ventralized phenotype. cause of its role in transporting or anchoring grk mRNA.
In addition, the fact that grk transcript localization is We also observed that Dmn induction altered the spatial altered at stage 9/10 is consistent with the temporal expression of BR-C, albeit with a time delay relative to profile of D/V patterning defects (see Figure 4) . It is its effect on grk. BR-C expression was unaffected 6 hr significant that the nucleus was usually centered beafter Dmn induction ( Figure 5C ). However, in stage 10 neath the domains of BR-C expression (see Figures 5B-egg chambers 12 hr after the heat pulse, the normally 5D), indicating that Dmn misexpression does not cause distinct BR-C domains were fused into a single patch a transient displacement of the germinal vesicle and of expression centered above the nucleus ( Figure 5D) . subsequent reattachment to the cortex at a random This lag is likely to reflect the time required for EGFR location. Consistent with the effects on the message, signaling to direct the change in the transcriptional patgrk protein levels were also highly reduced 6 hr after tern of its downstream targets. It is worth noting that Dmn induction (our unpublished data). the reappearance of nuclear-associated grk mRNA was independent of the position of the nucleus 12 hr after Mutations that Reduce Dynein and Dynactin Dmn induction (Figures 5E and 5F ). However, when nuActivity Enhance the Effects clei were apposed to the side of the oocyte, grk tranof Dmn Overexpression script was present at the cortex as well as in the perinuAlthough both grk and bcd mRNA localization are sensitive to Dmn misexpression, the threshold for the disrupclear region ( Figure 5F , compare with wild-type in 5E). In Figures 3A and 4) . In contrast, were perturbed by the loss of Khc activity, we probed 25-30 hr after heat shock, 55% of the eggs (n ϭ 150) mutant egg chambers. Staining with Grk antisera refrom Khc 8 /ϩ;hsDmn/ϩ transheterozygotes displayed vealed normal localization through stage 7 of oogenesis D/V patterning defects; of these, 72.5% had severely but highly reduced levels of protein in the majority of ventralized eggshells with displaced or highly reduced egg chambers at stage 9/10, even when the nuclei were DA. Similarly, in eggs from hsDmn/Klc females, 52% appropriately located at the anterior (our unpublished (n ϭ 150) were affected and 76% of these were severely data). In situ hybridization to visualize grk transcript proventralized. The strong dominant genetic interaction obvided a potential explanation for the reduction in protein served between the opposite polarity dynein and kinesin levels. In wild-type egg chambers after migration of the motors indicates that they may be acting in concert to nucleus, grk mRNA is transiently distributed in an anterior ring adjacent to the nurse cells before refining into impact a common process. reduction in Khc or Klc and the nuclear positioning defects in Khc germ line clones could be a consequence of independent inputs from kinesin and dynein/dynactin on nuclear anchoring and migration. Alternatively, the effect of kinesin may be mediated through effects on dynein/dynactin localization or transport. To distinguish between these possibilities, we examined the distribution of the dynein and dynactin complexes in egg chambers lacking kinesin. In the wild-type, Dmn and other components of the dynactin complex are present at high levels in the oocyte through stage 7 and by stage 8 are enriched in the oocyte cortex (see Figures 1B and 1C;  [14-16]) . Staining with antisera against Dmn showed that its localization is independent of kinesin activity during early and mid-oogenesis. However, in stage 9/10 egg chambers the overall level of Dmn is reduced, and the protein cannot be detected in the posterior crescent, where it is normally highly enriched ( Figure 6D ). Staining with antisera against Cdic revealed a similar loss of dynein localization at the posterior, although staining was still apparent at the anterior oocyte-nurse cell boundary (our unpublished data). The alteration in Dmn and Cdic distribution in Khc mutant egg chambers demonstrates that kinesin activity is required for the posterior localization of the dynein/dynactin complex during late oogenesis.
Given the strong genetic interactions between the two motors, we wished to determine whether kinesin localization in turn requires activity of the dynactin complex. It has recently been shown that Khc is expressed at anchoring the nucleus to the cell cortex and mediating the localization of several transcripts critical for patterning the oocyte and the embryo. Compromising a tight crescent around the nucleus at the future dorsal anterior region of the egg ( Figure 5E ). We found grk kinesin activity enhances the effects of inhibiting dynein, suggesting that the plus end-directed motor is involved transcript distribution to be essentially unaltered prior to stage 8. However, in stage 9/10 egg chambers, grk in the same processes. There is a precedent for a linkage between motors with opposite polarity because antimRNA remained in a diffuse band at the anterior of the oocyte, although it showed slight enrichment around the bodies against either kinesin or dynein/dynactin components inhibit both plus-end and minus-end transport in nucleus ( Figure 6C) an increase in the perinuclear concentration of grk mRNA. Furthermore, transcripts that were already at One explanation for the strong genetic interaction observed between kinesin and Dmn overexpression could the cortex should not have been disrupted. In oocytes assayed 1 or 6 hr after Dmn induction, grk message be that kinesin is required to transport dynein toward microtubule plus ends. This would allow individual dynwas absent from the nuclear periphery and the cortex, irrespective of where the nucleus was positioned. Howein complexes to be reused for multiple rounds of minus end-directed motion. A reduction in kinesin levels may ever, 12 hr after Dmn induction, grk mRNA localization to the nucleus had partially recovered (see Figures 5D compromise this recycling and decrease the pool of available dynein; it would thus affect dynein's ability to and 5F). Interestingly, when the oocyte nucleus was incorrectly positioned along the A/P axis but remained translocate cargo toward microtubule minus ends. This model provides a mechanistic basis for why processes cortically attached, grk transcript was also detected at the cortex. This argues that nuclear position and proximthat involve dynein, such as nuclear attachment and grk RNA localization, could be severely impacted in oocytes ity to the cortex are primary determinants of grk localization. It is notable that grk message is insensitive to Dmn lacking Khc. It is also consistent with our observation that in Khc mutant egg chambers the dynein/dynactin overexpresssion and the absence of kinesin in earlierstage egg chambers, when it may be transported by a complex is not localized to the lateral cortex of the oocyte after stage 8 (see Figure 6 ). Significantly, localizadiffusion-based mechanism and is known to accumulate even in the absence of microtubules or microfilaments tion of grk transcript and protein are relatively unaffected prior to stage 8, when defects in dynein/dynactin local- [27] . Localization of bcd message at the anterior of the oocyte is also highly susceptible to Dmn misexpression ization first become apparent.
In this context, it is interesting that the distribution of (see Figures 2A and 2B ). Although our results cannot distinguish between inhibition of transport or anchoring Khc in the oocyte resembles that of dynein and dynactin components; i.e., it is enriched at the cortex and the of the mRNA, other data argue that dynein is likely to be involved in both of these aspects [ 3) even though nuclear migration would have occurred lium suggests that motor recycling may be a common 13-25 hr earlier (at stage 7/8). This clearly shows that mechanism for enhancing optimal utilization of a limited reduction of dynein activity disrupts nuclear anchoring pool of these mechanochemical enzymes [38] . through a mechanism that is still unclear. One possibility is that sustained activity of perinuclear dynein (acting on microtubules oriented with minus ends toward the Dynein Activity Is Required for Transcript Localization cortex) is required to maintain nuclear position. Alternatively, cortically localized dynein may have to be continOur results indicate a role for dynein in grk transcript localization. The fact that grk mRNA cannot be detected ually active to keep the nucleus "reeled in" through a subset of microtubules that have the opposite orientain late-stage oocytes 1-6 hr after Dmn induction (see Figure 5C ) argues that dynein could be required for both tion. In either case, the nucleus would be predicted to fall away from the cortex in the absence of dynein activthe transport and anchoring of grk message. When microtubules are depolymerized, grk mRNA forms aggreity. With respect to nuclear migration, there is consider-
